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The air electrode performance of various carbon materials, such as Ketjen black (KB), acetylene black (AB
and AB-S), Vulcan XC-72R (VX), and vapor grown carbon ﬁber (VGCF) with and without La0.6Sr0.4Co0.2-
Fe0.8O3 (LSCF) catalyst were examined in an aqueous solution of saturated LiOH with 10 M LiCl in the
current density range 0.2e2.0 mA cm2. The best performance for oxygen reduction and evolution re-
actions was observed for the KB electrode, which has the highest surface area among the carbon ma-
terials examined. A steady over-potential of 0.2 V was obtained for the oxygen reduction reaction using
the KB electrode without the catalyst, while the over-potential was 0.15 V for KB with the LSCF catalyst at
2.0 mA cm2. The over-potentials for the oxygen evolution reaction were slightly higher than those for
the oxygen reduction reaction, and gradually increased with the polarization period. Analysis of the gas
in the cell after polarization above 0.4 V revealed the evolution of a small amount of CO during the
oxygen evolution reaction by the decomposition of carbon in the electrode. The amount of CO evolved
was signiﬁcantly decreased by the addition of LSCF to the carbon electrode.
 2013 The Autho rs. Publ ished by Elsev ier B.V. Open access under CC BY-NC-ND license.1. Introduction
Lithium-air secondary batteries consist of lithium metal as the
anode active material and oxygen as the cathode active material
have high potential for electric vehicle applications because they
have an extremely high theoretical energy density. The recharge-
able lithiumeoxygen battery was ﬁrst reported in 1996 by Abraham
and Jiang [1], which was comprised of a lithium ion conductive gel-
type polymer electrolyte, a lithium metal anode, and a carbon
electrode with cobalt phthalocyanine as the catalyst. Kuboki et al..jp, osyamamo@alles.or.jp
r B.V. Open access under CC BY-NC-ND[2] reported an extremely high discharge capacity of 5360 mAh g1
(based on carbon mass) for a primary lithium-air cell with a hy-
drophobic ionic liquid electrolyte. Bruce et al. [3,4] presented more
attractive results for a rechargeable lithium-oxygen cell using an
organic electrolyte of 1 M LiPF6 in propylene carbonate and a car-
bon black air electrodewith aMnO2 catalyst, inwhich a high charge
and discharge capacity of 600mAh g1 (based on carbonmass) was
achieved after 50 cycles. More recently, Scrosati and colleagues [5]
reported a lithium-oxygen rechargeable battery that consisted of a
tetra (ethylene) glycol dimethyl ether-LiCF3SO3 electrolyte and an
air electrode with Super P carbon and carbon paper, which was
operated over 30 cycles with a high capacity of 5000 mAh g1
(based on carbon mass). However, such rechargeable lithiumeox-
ygen batteries with non-aqueous electrolytes have many problems
that must be addressed, such as the reaction of the electrolyte and
lithium with water from the atmosphere, lithium dendrite forma-
tion on the lithium electrode during the charge process, and high
polarization during the charge and discharge processes. license.
Fig. 1. Electrode potentials vs. time at 0.5 mA cm2 for (1) ORR and (2) OER with (a) KB, (b) Vx, (c) VGCF, (d) AB, and (e) AB-S at room temperature.
Table 1
Current densities at 0.4 V vs. Hg/HgO for ORR (IR) and at 0.6 V vs. Hg/HgO for OER
(IE) and physical properties of the carbon materials.
KB AB-S VX AB VGCF
IR at 0.4 V vs. Hg/HgO (mA cm2) 11.9 13.2 0.26 0.04 0.12
IE at 0.6 V vs. Hg/HgO (mA cm2) 22.6 12.6 0.12 0.06 0.10
Surface area (m2 g1) 1292 829 215 87 13
Pore volume (mL g1) 1.36 0.64 0.41 0.06
Crystallitea (ID/IG) 1.128 2.00 0.813 1.25 0.065
Contact angle ()b 128 121 48 108 135
a Intensity ratios of D and G bands in Raman spectra from Refs. [13] and [14].
b Measured using aqueous solution of saturated LiOH with 10 M LiCl.
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be removed by employing an aqueous system. An aqueous lithium-
air battery system could be constructed using a water-stable
lithium-conducting solid electrolyte of Li1þxAlxTi2x(PO4)3 (LATP)
as a protective layer between the lithiummetal anode and aqueous
electrolyte [6e10]. The reactionmechanism for aqueous lithium-air
batteries is different from that for non-aqueous lithium-air batte-
ries. In the case of the aqueous system, the cell reaction is:
4Liþ O2 þ 6H2O%4LiOH$H2O: (1)
The discharge product of LiOH$H2O is soluble in the aqueous
electrolyte. For the aqueous system, water molecules are involved
in the redox reaction at the air cathode and the theoretical energy
density of 1910 Wh kg1 is lower than that for the non-aqueous
system at 3457 Wh kg1. We have previously reported the oxy-
gen reduction reaction (ORR) and oxygen evolution reaction (OER)
in an aqueous solution of saturated LiOH with 10 M LiCl at a carbon
air electrode with various perovskite-type oxides as the catalyst
component [11]. The aqueous electrolyte of saturated LiOH with
10 M LiCl was used for the stability of LATP, because LATP is un-
stable in saturated LiOH aqueous solution [9], but is stable in
saturated LiOH with 10 M LiCl [12]. The over-potentials for the ORR
and OER in saturated LiOH with 10 M LiCl were considerably lower
than those in the non-aqueous electrolyte. However, the long term
stability of the carbon air electrode was not examined in the pre-
vious study. In this study, we examine the long term performance
of various types of carbon electrodes with and without La0.6Sr0.4-
Co0.2Fe0.8O3 (LSCF) as a catalyst for the ORR and OER in the aqueous
electrolyte of saturated LiOH with 10 M LiCl.
2. Experimental
The perovskite-type oxide La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) was
purchased from Seimi Chemical Co. The speciﬁc surface area was
measured to be 1.79 m2 g1. Ketjen Black EC-600JD (KB; Lion Co.),
acetylene carbon black (AB; Strem Chemicals), high surface area
acetylene carbon black (AB-S), Vulcan XC-72R (VX; Cabot Co.), and
vapor grown carbon ﬁber (VGCF; Showa Denko) were used for the
air electrodes.
The air electrodes consisted of a reaction layer and an air
diffusion layer. The reaction layer was prepared by mixing the
carbon substrate, LSCF, and polytetraﬂuoroethylene (PTFE) inwater
with a surfactant of poly(oxyethelene)-octylphenyl ether using
ultrasonication. The weight ratio of carbon:LSCF:PTFE was
55:30:15, and the carbon:PTFE ratio was 85:15 for the electrode
without LSCF. The mixture was dried at 90 C and heated at 280 C
to ﬁx the PTFE onto a Ti mesh (100 mesh) with the diffusion layer
under pressure at 64 MPa. The air diffusion layer was prepared by
mixing AB and PTFE (7:3 weight ratio). The air electrodes were
tested in an aqueous solution of saturated LiOH with 10 M LiCl. Thetest cell was a beaker cell equippedwith aworking electrode (active
area of 0.64 cm2), a platinum plate with platinum black as a counter
electrode, and a Hg/HgO or platinum plate/platinum black refer-
ence electrode. Experiments were conducted at room temperature
and under a CO2-free air atmosphere. The electrode potentials were
measured using a potentiostat/galvanostat (Hokuto Denko, HJ-
1001SD8) and the electrode impedance was measured using a
multichannel potentiostat/galvanostat (Biologic VMP 3). The gas
evolved under the ORR and OER was analyzed using a gas chro-
matograph (GL Science, GC-3200). Theworking electrode, platinum
counter electrode, and Hg/HgO reference electrode were set in a
closed cell with a small hole for gas collection.
The surface area and pore distribution of the carbon materials
were measured using a gas adsorption analyzer (Shimadzu Co.,
Tristar 3000). The contact angles of the carbons were measured
using a contact angle meter (Kyowa Interface Science DMs-400),
where the aqueous solution of saturated LiOH with 10 M LiCl was
dropped on the surface of carbon pellets.
3. Results and discussion
Fig. 1 shows the changes in electrode potential with polarization
period at 0.5 mA cm2 for the various carbon materials without the
LSCF catalyst, where the thickness of the reaction layer and gas
diffusion layer were both approximately 0.2 mm. The over-
potentials for the ORR on AB and VGCF quickly decreased with
the polarization period. The current densities at 0.4 V vs. Hg/HgO
for the AB and VGCF electrodes were 0.04 and 0.12 mA cm2,
respectively. In contrast, the KB, AB-S, and VX electrodes exhibited
more steady polarization behavior and the current densities
at 0.4 V vs. Hg/HgO were 11.9, 13.2, and 0.26 mA cm2, respec-
tively. The KB and AB-S electrode have a steady electrode potential
for 50 h, whereas that for the VX electrode decreased gradually
with the polarization period. The AB and VGCF electrodes, as well as
the VX electrode, had high over-potentials for the OER, but the KB
and AB-S electrode showed a steady potential for approximately
10 h after which the potential increased signiﬁcantly with the po-
larization period. The physical properties of these carbon materials
Fig. 2. Electrode potentials vs. polarization period at 5 mA cm2 for (1) ORR and at 1.0 m cm2 and for (2) OER with (a) KB, (b) VX, and (c) KB and VX (1:1 weigh ratio).
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those for the OER at 0.6 V vs. Hg/HgO are summarized in Table 1;
the speciﬁc surface areas and contact angles were measured in this
study and the crystallite data were taken from Refs. [13] and [14].
The over-potentials for the ORR and OER are signiﬁcantly depen-
dent on the speciﬁc surface areas of the carbon materials. The
highest current density at 0.4 V vs. Hg/HgO for the ORR was
observed for the AB-S electrode and that at 0.6 V vs. Hg/HgO for the
OER was observed for the KB electrode. These carbons have the
high speciﬁc surface area. The VGCF and AB electrodes, which have
the low speciﬁc surface areas, showed a low current density at0.4
and 0.6 V vs. Hg/HgO. The polarization behaviors of KB, VX, and the
mixture of KB and VX (1:1 w/w) were examined at high current
densities. Fig. 2 shows the results for the ORR at 5 mA cm2 and for
the OER at 1.0 mA cm2. The mixed electrode of KB and VX had low
over-potentials for the ORR, but high over-potentials for the OER.
The high crystalline carbon of VX may prevent the OER. The effect
of the air diffusion electrode thickness on the over-potentials for
the ORR and OERwas examined. The thickness of the diffusion layer
had no effect on the polarization in the range of 0.1e0.5 mm for
current densities up to 2.0 mA cm2. However, the over-potentials
for the ORR and OER at higher current densities were affected by
the thickness of the reaction layer; the over-potential decreased
with increasing electrode thickness. This may be due to an increase
of the active reaction area with increasing thickness. Fig. 3 shows
plots of potential for the ORR and OER vs. the current density per
weight of KB for various reaction layer (RL) thicknesses, where the
area current densities were 2.0 and 0.2 mA cm2. The plots show
one line as a function of the thickness of the electrode at different
current densities per surface area. If the electrolyte is penetrated
homogeneously into the KB and PTFE composite electrode, theFig. 3. Electrode potentials vs. current density per gram of KB. Reaction layer thick-
ness: C, 0.10 mm; :, 0.20 mm; -: 0.30 mm.contact surface area of KB with the electrolyte is proportional to the
weight of KB. These plots suggest that the over-potential is
dependent on the contact surface area of carbon with the electro-
lyte, where oxygen in the electrolyte reacts with water to produce
OH (or HO2
) (ORR) and OH is oxidized to O2 (OER). The high
over-potential on VGCF and AB could be explained by their low
surface areas. The effects of the crystallite features and the contact
angle of the carbon on ORR and OER are not clear at present. The
over-potentials for the ORR at 75 and 500 mA g-carbon1 were 0.15
and 0.25 V, respectively and the over-potential for the OER at 75
and 500 mA g-carbon1 0.39 and 0.59 V, respectively, which are
compared with those of 0.25 V for the ORR and 1.2 V for the OER at
75 mA g-carbon1 on an electrode of Super P carbonwith a catalyst
in a non-aqueous electrolyte [4]. The over-potential for the OER in
the non-aqueous electrolyte is much higher than that in the
aqueous electrolyte. The difference may be due to the resistance ofFig. 4. Electrode potential vs. polarization period at 0.2 and 2.0 mA cm2 for the (a)
ORR and (b) OER using KB electrodes with and without LSCF.
Fig. 5. (a) Change in over-potential with time for the OER with the KB electrode at 1 mA cm2 and (b) impedance proﬁles for each stage shown in Fig. 5-(a).
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have previously reported [11] that the LSCF perovskite-type oxide
has catalytic activity for the ORR and OER in an aqueous solution of
saturated LiOH with 10 M LiCl. In this study, the effect of this
catalyst on the ORR and OER were examined for a longer period.
Fig. 4 compares the change in electrode potential over polarization
periods at 0. 2 and 2.0 mA cm2 for KB electrodes with and without
LSCF, where the thickness of the reaction layer was approximately
0.3 mm and the LSCF content was 30 wt%. The addition of LSCF into
the KB electrode improved the over-potentials for the ORR and OER,
especially at the higher current density of 2.0 mA cm2. The KB
electrode with LSCF had a steady over-potential of 0.15 V for 2 h for
the ORR, while the over-potentials at 2.0 mA cm2 for the OER
increased gradually to 0.5 V after 2 h. A steady over-potential of
0.2 V was observed at a low current density of 0.2 mA cm2.
To conﬁrm the degradation process for the OER, the electrode
impedance was measured as a function of the polarization time at
1 mA cm2. Fig. 5 shows the change in over-potential at 1 mA cm2
with the polarization period and the impedance change of the KB
electrode without LSCF at each stage of the polarization period for
the OER (charging process in the lithium-air cell); the electrode
potential and impedance of the air electrode were measured using
the platinum/platinum black reference electrode. No signiﬁcant
change in electrode impedance was observed in the plateau po-
tential range, where a small semicircle followed by a straight line
was observed. The frequency of the top of the semicircle wasFig. 6. (a) Change in over-potential with time for the ORR with the KB electrode102 Hz. However, when the electrode was polarized for longer pe-
riods, the electrode potential increased signiﬁcantly, and a large
semicircle was observed in the same frequency range. The intercept
of the semicircle with the real axis at a high frequency increased
with increase in the polarization period, which indicates an in-
crease in electrolyte resistance. The increase in the electrolyte
resistance may be due to the accumulation of oxygen gas on the
carbon surface, which results in a decrease of the contact area be-
tween the electrolyte and carbon surface. The origin of the large
semicircle unclear, but one possibility may be the high charge
transfer resistance for the OER, which could be caused by a change
in the catalytic activity of the carbon surface for the OER. The
decrease in the catalytic activity of the carbon surface may be
explained by electrochemical reaction of the carbon electrode with
oxygen, as discussed later. The electrode polarized for 6 h was
switched to the ORR (discharge process in the lithium-air cell) and
polarized at 1.0mA cm2 for 6 h. The electrode impedancewas then
measured at each stage. The change in over-potential at 1 mA cm2
with the polarization time and the impedance proﬁles at each stage
are shown in Fig. 6-(a) and (b), respectively. The electrolyte re-
sistances at each stage were almost the same as that of the elec-
trode anodically polarized for 6 h shown in Fig. 5-(b). The large
semicircles were observed at every stage after cathodic polarization
and the diameters of the semicircles are almost same.
Shimizu et al. [15] reported the over-potential for ORR and OER
on a carbon black (surface area of 830m2 g1) with a La0.6Ca0.4CoO3at 1 mA cm2 and (b) impedance proﬁles for each stage shown in Fig. 6-(a).
Fig. 8. Relationship between the over-potential and percentage of CO produced to the
weight calculated from the coulombs passed through the Pt, air/saturated LiOH with
10 M LiCl aqueous solution/KB with LSCF, air cell.
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of 125 mV vs. Hg/HgO at a current of 130 mA cm2 for the carbon
black electrodewithout the catalyst. The electrodewith the catalyst
was stable for 100 cycles of charge and discharge test at a current
density of 100 mA cm2. The stability of the electrode without the
catalyst was not reported. Arai et al. [16] examined the KB electrode
(surface area of 1300 m2 g1) for the ORR and OER in aqueous 8 M
KOH solution and found an electrode potential of 180 mV vs. Hg/
HgO at 100 mA cm2 for ORR and 500 mV vs. Hg/HgO at
50 mA cm2 for OER. The over-potentials for ORR and OER in the
saturated LiOH with 10 M LiCl aqueous solution are higher than
those in the high concentration of KOH solution. Arai et al. also
observed electrode deterioration during the OER and claimed that
the degradation resulted in a loss of the electrochemically active
surface area of the electrode, mainly due to carbon corrosion.
However, the carbon corrosion was not directly measured during
the OER. More recently, Bruce et al. [17] also reported that carbon is
unstable upon charging above 3.5 V vs. Li/Liþ in a non-aqueous
electrolyte, and upon discharge, there is little or no decomposi-
tion if the carbon is hydrophobic, whereas some decomposition
does occur for hydrophilic carbon. In this study, the gas in the cells
with the KB, VX, and AB-S electrodes was analyzed after polariza-
tion for 10 h as a function of the electrode potential. For all these
three of these carbon electrodes, hydrogen and CO were observed
for the OER and not observed for the ORR, where the amount molar
ratio of hydrogen to CO was approximately 10. The hydrogen gas
was produced on the platinum counter electrode by the cathodic
reaction of Hþ in the electrolyte, the amount of which was
approximately 0.1% of that calculated from the coulombs passed
through the cell. The CO gas may come from the carbon electrode,
because there was no carbon source in this cell, except the carbon
in the electrode. We could not observe CO2, because the aqueous
solution of saturated LiOH with 10 M LiCl (pH w8) dissolves CO2.
Fig. 7 shows the relationship between the over-potential and per-
centage of produced CO to the amount calculated from the cou-
lombs passed through the cell, assuming the following reaction:
Cþ 2OH ¼ COþ H2Oþ 2e: (2)
The percentage of CO increased linearly with the electrode
potential for the KB, AB-S and VX electrodes. A high current could
not be passed through the cells with the VGCF and AB electrodes,
so that gas evolution could not be evaluated. However, as BruceFig. 7. Relationship between the over-potential and percentage of CO produced to the
weight calculated from the coulombs passed through the Pt, air/saturated LiOH with
10 M LiCl aqueous solution/KB (or VX, AB-S), air cell.et al. reported (16), the hydrophobic carbons (KB and AB-S), which
show high contact angle with aqueous electrolytes, produce less
CO than the hydrophilic carbon (VX). The high over-potentials of
the mixed electrode of KB and VX for OER shown in Fig. 2 could be
explained by the easy electrochemical decomposition of VX. At
lower electrode over-potential, such as 300 mV vs. OCV, no CO gas
and a small amount of hydrogen was observed, which suggests
that the carbon electrode may be electrochemically oxidized
during the OER at above 300 mV vs. OCV. Fig. 8 shows the per-
centage of CO vs. over-potential for the KB electrode with LSCF as a
function of the LSCF content. The percentage of CO was signiﬁ-
cantly decreased by the addition of 30 wt% LSCF, although a small
amount of CO was still observed. The electrode potential increase
with increasing polarization period at 2.0 mA cm2 shown in Fig. 4
could be explained by electrochemical oxidation of the KB surface,
which would result in a deterioration of the catalytic activity of KB
for the OER. The oxidation of carbon is a serious problem for the
long term stability of the air electrode; therefore, a more stable
catalyst for the ORR and OER, especially for the OER, should be
developed for the air electrode with a lower over-potential at a
high current density.
4. Conclusions
The behavior of the various carbon air electrodes in a Li-air cell
with an aqueous electrolyte of saturated LiOH with 10 M LiCl was
examined. Carbon with a high surface area, such as Ketjen black,
exhibited stable electrode potentials for the ORR over a long po-
larization period at 2.0 mA cm2; however, the electrode poten-
tials for the OER increased with the polarization period. The gases
evolved during the OER were analyzed and conﬁrmed to be CO
and H2. Degradation of the electrode performance during the OER
could be explained by corrosion of the carbon surface, which
resulted in a loss of catalytic activity for the OER. The electrode
performance of the carbon electrode for OER was improved and
the amount of CO was signiﬁcantly decreased by the addition of
LSCF catalyst.
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